The enthalpy of seven polymorphs of AgF 2 has been scrutinized up to 50 GPa using density functional theory (DFT) calculations. We show that α-Ag
Introduction
About one hundred fluorides of divalent silver (Ag 2+ ) are known [1] . The majority of these unique materials have been synthesized over many years in three laboratories only (Hoppe and Müller in Giessen, Germany;Žemva in Ljubljana, Slovenia; Bartlett in Berkeley, USA).
They are poorly known even to inorganic chemists, and unsatisfactorily described in chemistry textbooks. Due to the enormously large electron affinity of 4 Ag 2+ , these compounds are capable of oxidizing 'noble' gas Xe, and incandescently react with elemental metals; they corrode the surfaces of gold or platinum as well. Fluorides of trivalent silver (Ag 3+ ) are even rarer, due to their unprecedented oxidizing properties. They can be obtained only by the action of large pressures of gaseous F 2 [2] or of photochemically generated F radicals in anhydrous HF [3] . All of them decompose easily upon heating, liberating elemental fluorine:
In the reaction equations above, we have underlined the species which bear one hole in their valence subshell (Ag 2+ , d 9 ; F 0 , s 2 p 5 ). This spectacular, thermally induced depopulation of 2p valence states of F − (recollect, it is the least oxidizable anion available in chemistry) has unleashed a series of investigations. Grochala and Hoffmann [1] have argued that the Ag-F bonding in higher fluorides of silver must be substantially covalent, a result which was later confirmed by x-ray photoelectron spectroscopy (XPS) measurements [4] and by independent molecular [5] and periodic crystal calculations [6] . They have also postulated-based on a multitude of qualitative and semi-quantitative arguments-that properly doped fluorides of Ag 2+ might exhibit metallic conductivity and/or high-temperature superconductivity [1] . Indeed, Meissner-Ochsenfeld anomalies have been postulated for an unknown impurity in the AgF 2 /BeF 2 system [7] .
The recent experimental study of Cs 2 AgF 4 [8] has revitalized interest in layered fluorides of Ag 2+ . The structure of this 2D fluoride is related to that of the first oxocuprate superconductor, La 2−x Ba x CuO 4 [9] . Cs 2 AgF 4 is built of flat [AgF 2 ] sheets intercalated by two [CsF] layers, but the Ag-F bond pattern within the sheet is different from the analogous pattern seen in La 2−x Ba x CuO 4 . Cs 2 AgF 4 is a strongly correlated material; it exhibits ferromagnetism below 15 K with a negative-and appreciable-superexchange constant of ∼50 K [8] . It has been suggested that this compound might be transformed to the La 2−x Ba x CuO 4 structure type by the use of external pressure [9] , with the concomitant appearance of antiferromagnetic ordering.
Triggered by the results of [8, 3, 9] , we recently compared the band structure of a hypothetical difluoride of Ag(II) with flat [AgF 2 ] sheets, with the known band structure of CaCuO 2 , an infinite layer compound [10] . A difluoride of Ag(II) with flat [AgF 2 ] layers might possibly be obtained from genuine binary α-AgF 2 (with its puckered sheet structure; figure 1(a)) via (i) the intercalation of various oxidation-resistant Lewis bases between the sheets, with the concomitant flattening of [AgF 2 ] layers, or (ii) by applying external pressure [9] . Our calculations have shown that the electronic structure of [AgF 2 ] is strikingly similar to that of CaCuO 2 [4] ; the latter is the parent compound for a series of hole-or electrondoped oxocuprate superconductors.
In this contribution we deliver theoretical evidence that another layered polymorph of AgF 2 (δ) might be obtained by applying modest external pressure (>15 GPa, or 150 000 atm) to the orthorhombic α-AgF 2 . The subsequent pressure-induced metallization of δ-Ag II F 2 is of interest for a possible generation of superconductivity in this genuinely 2D structure [11] 5 . 4 The second ionization potential of Ag (21.5 eV) is the largest among all metallic elements in the periodic table, except for the alkalis. It is only 7% smaller than that of Cs (23.2 eV). 5 The theoretical search for superconductivity in 2D structures is now progressing rapidly in many laboratories worldwide. For two examples, see [11] . 
Computational details
Our calculations were performed by means of the CASTEP code [12] , employing DFT theory with the Perdew-Burke-Ernzerhof correlation-exchange potential, ultrasoft Vanderbildt pseudopotentials for the atomic cores, and the plane-wave basis for the valence electrons with a typical energy cutoff of 600 eV. A typical k-point grid of about 0.05Å −1 (volumeindependent setting) was used; subsequent single-point calculations for such pre-optimized cells, but utilizing a denser k-point grid, gave a similar ordering of polymorphs in the energy scale. Spin polarization was neglected, since the calculations of [6] indicated only a marginal energy decrease (0.003 eV/Ag atom) in the spin-polarized description of Cs 2 AgF 4 , a ternary fluoride of silver(II). Our enthalpy optimizations (at 0 K and a pressure in the range 0-50 GPa) were performed for the conventional unit cells (i.e. those indicated in the respective space-group symbols); the only exception was the beta form of AgF 2 at elevated pressures, where a primitive cell was employed to speed up the calculations (this approach was validated in a comparative calculations for 0 GPa). 2 We begin our discussion by introducing the reader to the known and hypothetical forms of AgF 2 .
Results and discussion

Polymorphs of AgF
The binary fluoride of divalent silver is known experimentally in its ferromagnetic insulator α form ( figure 1(a) moiety.
In the present study we take into account several other structures, which might possibly be adopted by AgF 2 at elevated pressures.
One of them is of cubic CaF 2 -type, which we will further denote γ (figure 1(c)). This structure type has been chosen for computation because of the resemblance of orthorhombic α-AgF 2 to cubic CaF 2 structure type. The unit cell vectors of α-AgF 2 are quite similar to each other (5.10, 5.57, 5.83Å), while the heavy atoms are in special positions (0.0, 0.0, 0.0 and 0.5, 0.5, 0.0) for both structures. In addition, Ag is 8-coordinated in the γ polymorph, and γ is more densely packed than α; these features might suggest that, at high pressures, the γ form might take over α in terms of enthalpy. Indeed, the calculated unit cell volume of γ -AgF 2 is 161.18Å 3 (at 0 GPa), which yields 40.30Å 3 per formula unit; this is much less (by 12%) than that computed for α-AgF 2 .
We also consider the orthorhombic δ form (figure 1(d)) in our analysis. This form is strictly related to α-AgF 2 , but it contains flat (and not puckered) [AgF 2 ] sheets. As will become clear from section 3, the importance of this polymorph has become apparent while studying the behaviour of α-AgF 2 under compression. The calculated unit cell volume of δ-AgF 2 is as large as 190.33Å 3 , i.e. 47.58Å 3 per 'AgF 2 ' formula unit (at 0 GPa). This is more than the analogous values for α-and γ -AgF 2 , but a caveat is necessary here: δ-AgF 2 has large van der Waals spacings, so its volume will be severly overestimated by DFT. Another polymorph that is taken into account is the tetragonal ε form (figure 1(e)). In proposing the structure of this polymorph we have been inspired by the frequent appearance of Ag 2+ in the ligand environment of a compressed octahedral type, especially if infinite AgF + chains are present. Indeed, the optimized structure of ε-AgF 2 (at 0 GPa) reveals two short bonds (2.043Å) and four long bonds (2.360Å). The inverse Jahn-Teller effect is very strong in this structure 7 . The ε polymorph is analogous to [AgF + ](BF − 4 ) [16] , and it might formally 6 The Jahn-Teller distortion ratio, D, reaches 1.25 (see [19] ). 7 The Jahn-Teller distortion ratio, D, reaches 0.87 (see [19] ).
be written as [AgF + ](F − ). 8 The calculated volume of ε-AgF 2 is 45.50Å 3 per formula unit (at 0 GPa), which is slightly less than for δ-AgF 2 .
We have also considered the rutile (TiO 2 ) type, denoted here as ζ -AgF 2 . The optimized structure contains two short (2.099Å) and four longer (2.317Å, bridging) Ag-F contacts, at a volume of 45.67Å 3 per formula unit (at 0 GPa). As we will see, the rutile structure will prove noncompetitive in terms of enthalpy over the entire pressure range. The last structure considered in this work, η-AgF 2 (CdPdF 4 structure type), has been suggested by experimental studies of AgF 2 under compression, performed over quarter of century ago [17] . This is the only experimental study of AgF 2 at high pressure in the literature. α-AgF 2 has been subjected to modest pressures of up to 6 GPa, and the formation of a metastable Pa3 polymorph has been claimed, similar to the high-pressure form of PdF 2 [17] . The unit cell vector of 4.88Å has been derived for a cubic η-AgF 2 structure relaxed back to 1 atm.
The formation of a metstable Pa3 polymorph is very surprising for several reasons:
(i) in this structure, Ag 2+ would attain the ligand environment of a nearly undistorted octahedron; this is very suspicious, provided that a 4d 9 system is subject to a very strong Jahn-Teller effect [19] ; (ii) the claimed unit cell volume per formula unit is as small as 29.05Å 3 for this polymorph,
i.e. this is 30% less than for related α-AgF 2 ; phase transitions characterized by such a huge volume drop are a rarity among transition metal compounds; (iii) the suggested unit cell vector of cubic η-AgF 2 is much smaller than for the cubic high pressure form of PdF 2 (5.32Å), despite the fact that the electron-rich Ag 2+ d 9 cation has slightly larger volume than a high-or a low-spin d 8 Pd 2+ ; (iv) we are also surprised by the relative lack of sensitivity of the value of Curie temperature on the structure type adopted by AgF 2 (orthorhombic, 163 K; cubic, 160 K) [17] 9 .
Despite these doubts, we have decided to take the η-AgF 2 (Pa3) polymorph into calculations. The optimized unit cell vector of cubic η-AgF 2 is 5.494Å, which is much larger than the claimed value of 4.88Å. Nevertheless, the structure of η-AgF 2 is still pretty compact, the volume of one formula unit being as small as 41.47Å 3 (which is only 3% more than that of the γ (CaF 2 ) form). The shortest F · · · F contacts are at 2.62Å, which is less then the sum of the van der Waals radii of two F atoms (2.94Å), indicating a modest bonding (pairing) interaction. The choice of polymorphs considered in this study does not, of course, saturate the spectrum of all possible structures, which an AB 2 -type compound might adopt under high pressure 10 . However, it takes into account all bonding environments which predominate in the chemistry of Ag 2+ (tetragonal, elongated octahedral, compressed octahedral [19] ) or are as yet unknown (quasi-cubic), and a broad selection of possible arrangements of these units, which leads to a variety of more or less compact structures. Therefore, provisionally adopting the conclusions from the present work, more bonding patterns might be generated and tested in the future (in particular, those that are achievable via angular distortions of the structures studied here). Indeed, we plan to extend this study soon, while using efficient structure-prediction algorithms [20] . The calculated energies and volumes (per formula unit) of all polymorphs considered here are shown in figure 2 , and collected in table 1. The structural data is contained in the ESD.
A preliminary analysis, based only on the energies and unit cell volumes of all polymorphs, indicates that:
(i) α is indeed the lowest-energy polymorph at 0 GPa; (ii) γ and η types have unit cell volumes that are significantly smaller than that for α, therefore γ and/or η are likely to outperform α in enthalpy when at sufficiently high pressure; (iii) β, δ, ε and ζ , which are not equally compact, should stay relatively high in enthalpy; (iv) conclusions (ii) and (iii) should hold only if the compressibilities of all polymorphs are comparable to each other.
Hypotheses (ii) and (iii) obviously require confirmation by quantum mechanical calculations as a function of external pressure. As we will see in section 3, and to some surprise, they will prove wrong. But before we pass to the analysis of computational results, we would like to stop for a while at an interesting, high-temperature charge density wave β phase.
Metastable, high-temperature, charge density wave β phase
We have optimized the crystal structure of the diamagnetic β-AgF 2 , assuming that it adopts the CsAgF 4 (i.e. KBrF 4 ) structure type. The reasons for this assumption are pretty straightforward: (i) this structure type is preferred for all alkali metal tetrafluoroargentates and even for 1/2 Ba 1/2 AgF 4 , where stands for a vacancy; and (ii) the ionic radius of Ag 1+ is pretty similar to that for Na 1+ , so the compounds of monovalent silver and sodium are most often isostructural (e.g. NaCl-AgCl).
The calculated Ag 1+ · · · F − contacts are 2.478Å, while the Ag 3+ -F − bond lengths are 2.014Å. The Ag 3+ -F − bond lengths are much longer than the ones found for the majority of Ag III compounds (1.89Å). On the other hand, the Ag 1+ · · · F − contacts (recollect, Ag is 8-coordinated) are nearly identical to those found for binary Ag 1+ F (with its 6-coordinated Ag, 2.476Å). This means that the predicted Ag 1+ · · · F − distance is now too short, since: (i) the cubic ionic radii are always larger then the octahedral ionic radii, and (ii) Ag 3+ is an extremely strong Lewis acid, so it tries not to share its four F − anions (this implies that Ag 1+ · · · F − contacts should be longer than in the binary Ag 1+ F Lewis base). These results clearly point to the deficiency of DFT in treating the mixed valence phases; DFT optimization leads to the oxidation states being more uniform than they should really be. Indeed, the Mulliken charges on Ag 1+ and Ag 3+ are +0.78 e and +1.08 e, respectively (see also ESD for more details).
The disproportionation of d 9 ions:
poses a highly interesting problem: in the gas phase, the energy of this transformation, calculated by using the respective ionization potentials [21], amounts to +3.98 eV, −0.56, and −1.76 eV (for Cu, Ag, and Au, respectively). The observed trend is related to a decreasing stability of the second oxidation level when going from Cu to Au (genuine Au 2+ compounds are very difficult to obtain). The above disproportionation is found in some (2) is forbidden (the corresponding energy is calculated to be +4.02 eV [5] ).
It is tempting to relate the energy of reaction (2) to the on-site electronic repulsion parameter U of the Hubbard model [22] . For Ag 2+ and Au 2+ one would get U < 0, which fits the 'negative-U scenario of superconductivity' proposed by some theorists [23] . However, one should remember that Hubbard's U corresponds to the repulsion energy of two electrons with antiparallel spins occupying the same orbital, while the energy of reaction (2) may be related to the repulsion of two electrons with parallel spins occupying two different d orbitals.
In our calculations, the Ag 1+ Ag 3+ F 4 (β) form is predicted to have an enthalpy 0.03-0.17 eV per Ag higher than that for the Ag 2+ F 2 (α) form 11 . This means that β-AgF 2 is a metastable high-temperature polymorph, which exothermically transforms to the α phase, in full agreement with experiment [15] . However, taking into account our previous conclusions on the subtle failures of DFT, one should expect that the precise value of the enthalpy difference between the two phases may in fact differ from the one calculated here. Concluding this section, we note that DFT calculations provide reasonable insight into the energetics of transformation (2), but they are incapable of correctly predicting the minor structural details of the mixed-valence phase β.
Pressure-induced phase transitions and the decomposition curve of AgF 2
It is of utmost interest whether any hypothetical structures of AgF 2 (β, γ , δ, ε, ζ , η) might outperform the α form in terms of enthalpy, if silver difluoride is compressed, for example in the diamond or ruby anvil cell. Among these phases, the disproportionated one (β) is unlikely to gain importance at high pressure (as is typical for disproportionated systems at moderate pressures [24] ), yet for completeness we will not discard it from the forthcoming considerations.
The calculated enthalpy of all polymorphs of AgF 2 (with respect to α) as a function of pressure (up to 50 GPa), and the decomposition curve for the reaction [25] 12 :
are jointly shown in figure 3 .
As may be seen from figure 3 , β-, γ -, ε-, ζ -, and η-AgF 2 are not competitive in terms of enthalpy up to 50 GPa. However, the δ phase takes over the α phase at pressures as low as 15 GPa. At larger pressures, enthalpies of δ-and α-AgF 2 merge into each other, for these phases are, in fact, indistinguishable above 30 GPa.
The lack of preference for the compact γ type and the good performance of δ-AgF 2 are surprising in the context of molar volumes of these phases at 0 GPa (recollect, γ is the most densely packed polymorph at 0 GPa; see section 1). Apparently, the 2D δ polymorph, equipped with the weak inter-sheet van der Waals interactions, exhibits significant compressibility, and at 15 GPa it actually achieves smaller unit cell volume then the γ form. A too large unit cell volume of δ-AgF 2 at 0 GPa is to some extent an artifact, i.e. due to improper treatment of the weak inter-sheet interactions by DFT calculations.
Concluding this section, we note that α-AgF 2 might undergo a smooth transition to the 'infinite-layer' δ structure in the vicinity of 15 GPa. 13 The volume change associated with this transition is null, within the computational error. Most importantly, for any prospective experiments in a diamond anvil cell, AgF 2 should not decompose to AgF and elemental F 2 when a high pressure is on [25] . Partial decomposition (with the formation of phases like Ag 1+ Ag 2+ F 3 or Ag 1+ 2 Ag 2+ F 4 ), also seems very unlikely.
Crystal structure and interesting elastic properties of δ − AgF 2
It is desirable to analyse the crystal structure of δ-AgF 2 , and its response to external pressure. At 0 GPa the calculated unit cell vectors are 5.71, 5.83 and 5.71Å. The coordination of Ag 2+ is not far from tetragonal, with four nearly equal short Ag-F contacts (2 × 2.08Å and 2 × 2.09Å) and four inter-sheet distances of 3.28Å (figure 4). The [AgF 4 ] square is, however, substantially angularly distorted; the Ag-F-Ag angle is 150.7
• , mid-way between the linear 12 We have taken into account the ambient-temperature C-centred monoclinic α-F 2 phase, and we have assumed no phase transitions for the products of reaction (3) (see footnote 13). 13 A careful search for other candidates for high-pressure structures is now being conducted in our laboratory. (sp) and sp 2 fluorine bridge. Partly due to this angular distortion, δ-AgF 2 is not identical to a genuine 'infinite layer' model structure studied previously [10] , but-as we will see in section 5-it is still similar to it via a strong 2D character. The shortest (intra-sheet) F · · · F contact is 2.95Å, which is slightly larger then the sum of the van der Waal's radii of F atoms (2.94Å).
Compression up to 50 GPa significantly changes all interatomic separations. Now the unit cell vectors are 4.49, 4.20 and 6.04Å. There are still four F atoms in the first coordination sphere of Ag 2+ (2 × 2.02Å, 2 × 2.06Å) but another four secondary separations become shorter, down to 2.4Å, and the coordination of a transition metal might be considered 'distorted cubic' by some. Note that the intra-sheet distances are reduced by ∼1.5-3.3% only at a 500 000 atm, which is testimony to a very small compressibility of the Ag-F bonds (see ESD). The plasticity of the coordination sphere of a Jahn-Teller d 9 Ag 2+ , albeit seen in various chemical compounds of this cation [19] , can hardly be violated by the use of high pressure; Ag 2+ is a very hard species, in the Pearson's sense. Also, the Jahn-Teller effect stubbornly persists at high pressures.
The angular distortion of the [AgF 4 ] square is even more severe at 50 GPa than at 0 GPa; the Ag-F-Ag angle is now 134.3
• . Clearly, the δ structure responds to increased pressure by bending the fluoride bridge, and better exposing the sp 2 -like lone pair on the F centre. The covalent Ag-F bond must be lose its ionic component upon squeezing. The shortest F · · · F intra-sheet contacts are now 2.31 and 2.42Å; the bonding F · · · F interaction is still weak. 
Electronic structure of δ-AgF 2 , metallization and possible superconductivity
It is very instructive to analyse the electronic structure of δ-AgF 2 . The band structure, density of states (DOS) and the division of the DOS to atomic contributions for δ-AgF 2 at 50 GPa are collectively shown in figure 5(a) . The electron density integrated over the last band, which crosses the Fermi level, is presented in figure 5(b) .
The band structure of compressed δ-AgF 2 features many crossing bands, as is typical for matter at a significant compression. The uppermost two bands are distinguished by their appreciable width; this is not only due to compression, but rather due to their origin. Analysis of the electron density sitting in these bands shows that the associated crystal orbitals are composed of the d(x 2 -y 2 ) Ag and p(x, y) F states admixed in the antibonding manner. Since neither d(z 2 ) Ag nor the p(z) F orbitals contribute to the bands crossing the Fermi level, we may anticipate that δ-AgF 2 is-structurally and electronically-a 2D material. This feature sets δ-AgF 2 apart from other compounds with the [AgF 2 ] sheets, but with the compressed O h coordination of Ag 2+ [26] , and makes it similar to infinite layer oxocuprate superconductors [27] . Notably, δ-AgF 2 , if experimentally preparable, would be the first example of a layered (polymeric) fluoride of Ag 2+ with flat [AgF 2 ] sheets and short intra-sheet Ag-F distances [28] 14 . The bottom half (in the energy scale) of DOS is dominated by F(2p) states, while the upper half achieves the greatest contribution from the Ag(3d) states. Indeed, the centre of gravity of the p states is at −4.15 eV, while that of the d states is at −3.09. Although AgF 2 is probably the most covalent difluoride of any metallic element [1, 4] , the ionic component is still significant; the calculated Mulliken charges on atoms are −0.44e (F), +0.88e (Ag) at 50 GPa. 15, 16 Also, what about metallization and possible superconductivity in layered δ-AgF 2 ? Our calculations predict that δ-AgF 2 should be metallic even at 0 GPa. Unfortunately, this result, which originates from deficiencies of either the DFT treatment of the narrow-bandgap systems or the plane-wave representation of the basis set may be misleading. It turns out that even an insulating ferromagnet, α-AgF 2 , is metallic in our spin-polarized calculations, while the bandgap of about 1.5 eV (reasonable, in terms of its brownish colour, and large electric resistivity [14] ) has been predicted by B3LYP computations with the atomic basis set [29] . At this moment we must therefore retreat and make space for more accurate predictions of the bandgap of AgF 2 , and of its pressure-induced closure, in the future (see footnote 16). It remains to be seen if superconductivity, this 'magic electronic state' [30] , could be achieved in binary AgF 2 via compression, electronic self-doping or chemical doping of this fascinating compound.
Summary and prospect
We have investigated a set of seven various polymorphs of AgF 2 computationally, subjecting them to external pressures up to 50 GPa (500 000 atm). Silver difluoride is predicted to transform at a pressure of ∼15 GPa into a layered polymorph, with a substantial 2D electronic character. This new polymorph, if metallic at 15 GPa-or metallized by the subsequent application of more elevated pressures-bears significant potential for 2D superconductivity, by analogy to the known layered copper oxides [31] and MgB 2 [32] .
